The excitonic splitting and vibronic quenching of the inversion-symmetric homodimers of benzonitrile, (BN) 2 , and meta-cyanophenol, (mCP) 2 , are investigated by two-color resonant two-photon ionization spectroscopy. These systems have very different hydrogen bond strengths: the OH . The monomer site-shifts upon dimerization and comparing certain vibrations that deform the hydrogen bonds confirm that the OH … N≡C hydrogen bond is much stronger than the CH … N≡C bond. We show that the H-bonds have large effects on the spectral shifts, but little or no influence on the excitonic splitting.
Introduction
Hydrogen-bonded molecular dimers are model systems to investigate excitonic interactions, which are of great importance in many photochemical and biological systems such as conjugated polymers, molecular crystals and photosynthetic lightharvesting complexes. [1] Such dimers of benzene derivatives are small enough to allow detailed experimental, theoretical and computational investigations and are at the same time representative of larger systems. Our group has been studying the excitonic S 0 → S 1 /S 2 splittings in rigid, doubly hydrogen-bonded dimers such as (2-pyridone) 2 , (2-aminopyridine) 2 , (benzoic acid) 2 , (benzonitrile) 2 and (ortho-cyanophenol) 2 . [2] [3] [4] [5] [6] They are centrosymmetric, meaning that the electronically excited S 1 (and higher S n ) states of monomers A and B are degenerate and excitonically coupled. [2] [3] [4] [5] [6] [7] [8] Upon dimerization the transition dipole moment (TDM) vectors of the monomers combine in a parallel and antiparallel manner, giving rise to an antisymmetric (A u , B u ) and a symmetric (A g ) excited state combination. [9] Thus, either the S 0 → S 1 or the S 0 → S 2 transition is electric-dipole (g↔u) allowed, while the other is electric-dipole (g↔g) forbidden. The inversion symmetry can be broken by isotopic substitution of even a single atom, e.g.
C/

13
C or H/D, rendering the forbidden transition slightly allowed. [2] [3] [4] [5] [6] This enables us to experimentally determine the S 1 /S 2 splitting, denoted ∆ obs .
We have previously shown that the displacements along the intra-and intermolecular vibrational coordinates Q i that occur upon electronic excitation and which are quantified by the Huang-Rhys factors S i , have a major impact on the magnitude of the experimental splittings. [3, 6] The observed splittings are up to a factor 40 smaller than the purely electronic (Davydov) exciton splittings ∆ calc that are predicted by high-level ab initio calculations. This so-called 'vibronic quenching' of the excitonic splitting ∆ calc can be obtained [3] [4] [5] [6] [7] [8] [9] [10] by taking the Huang-Rhys factors S i into account within Förster's perturbation theory approach [7] or the Fulton-Gouterman model. [11, 12] Applying the resulting quenching factor Γ to the calculated exciton splitting ∆ calc results in vibronic splittings ∆ vibron that are very close to the experimentally observed S 1 /S 2 splittings.
The strength of hydrogen bonds is dependent on the atoms involved and on structural aspects. The shift in absorption energy of the dimer relative to the monomer allows us to draw conclusions on the stabilization gained upon dimerization. Further, vibrations deforming the hydrogen bond also give us information on the H-bond strength. Here, we investigate if hydrogen bond strength has a direct influence on the excitonic splitting and vibronic coupling on the examples of the benzonitrile dimer, (BN) 2 , with two CH … N≡C hydrogen bonds, and the meta-cyanophenol dimer, (mCP) 2 , with two OH … N≡C hydrogen bonds.
Structural Aspects
The ground-state structures of (BN) 2 and (mCP) 2 were optimized by the spincomponent-scaled variant of the approxi- Inter-and intramolecular vibrations that involve large motions of the H-bonded atoms and that appear in the spectra of both (BN) 2 and (mCP) 2 allow to draw conclusions on H-bond strength. The intermolecular shear vibration χ and the in-plane cyano-group bend δCCN appear in both spectra. The respective fundamental excitations exhibit lower frequencies in (BN) 2 compared to (mCP) 2 in mate second-order coupled-cluster (SCS-CC2) method using the aug-cc-pVTZ basis set and are shown in Fig. 1 . (BN) 2 is a planar, C 2h -symmetric dimer, [13, 14] while (mCP) 2 is C i -symmetric, with the monomers slightly out of plane. [9, 15] The calculated intermonomer distance between the centers of mass in (mCP) 2 is R AB = 5.34 Å with an H … N distance of 2.04 Å; the center-of-mass distance in (BN) 2 is R AB = 6.46 Å and the H … N distance is 2.36 Å. The presence of the OH group in (mCP) 2 changes the transition dipole moment (TDM) orientation: In (BN) 2 the angle of the monomer TDM relative to the �� vector is θ = 63°, which is larger than the 'magic angle' for which the magnitude of the dipole-dipole interaction goes to zero, i.e. arccos(1/√3) = 54.7°.
Thus, the TDMs are oriented parallel/ antiparallel, the S 0 → S 1 transition is forbidden and the S 0 → S 2 transition is allowed. For (mCP) 2 , the angle is θ = 11°, which is smaller than the magic angle. In this case, the S 0 → S 1 transition is allowed and the S 0 → S 2 transition is forbidden. [9] 
Tw o-Color Resonant Tw o-Photon Ionization Spectra
The dimers were produced and cooled in pulsed supersonic jet expansions. BN was heated to 75°C in an external vaporizer and seeded into the neon carrier gas (backing pressure 1.2 bar), while mCP was heated inside the pulsed nozzle to 80°C. Two-color resonant two-photon ionization (2C-R2PI) spectra were recorded by overlapping the excitation and ionization lasers in the source of a time-of-flight mass spectrometer. The spectra are shown in Fig. 2 with both electronic origins set to zero for comparison. The 0 � � transition energies are indicated next to the corresponding band, namely 36420 cm -1 for (BN) 2 and 33255 cm -1 for (mCP) 2 . [9, 13] These energies correspond to spectral shifts of δν =-92 cm -1 for (BN) 2 and δν =-1094 cm -1 for (mCP) 2 relative to the respective monomer S 0 → S 1 transition energies. The much larger shift for (mCP) 2 indicates a stronger hydrogen bond of (mCP) 2 relative to that of (BN) 2 . This will be discussed in Section 5.
The intramolecular normal modes are denoted according to the Wilson notation, [16] while for the intermolecular normal modes we employ the nomenclature introduced in ref. [17] . The (BN) 2 spectrum is dominated by intramolecular vibronic bands. Only one intermolecular vibration is observed, the shear vibration χ � � ; otherwise the spectrum is very similar to that of BN. [13] By contrast, the spectrum of (mCP) 2 shows many excitations of intermolecular vibrations (δ, β, θ, σ, χ) as well as several intramolecular vibrations. [9, 15] 
Spectral Site-Shifts
The intermolecular interactions that occur upon dimerization act on the constituent monomers and result in changes of the monomer geometry as well as energy (the so-called deformation energy). The geometry deformation of the monomer leads to a change of its electronic structure. This change is different in the S 0 and S 1 states, leading to a shift of the adiabatic S 0 → S 1 absorption frequency. Thus the dimerization causes an electronic spectral site-shift. The site-shift can be evaluated from the average of spectral shifts of the dimer S 1 /S 2 0 � � bands relative to the monomer S 0 → S 1 0 � � band, see Fig. 4 . Fig. 4 shows that the excitonic splitting discussed above is relatively small and does not depend on the H-bond strength. In contrast, the site-shift leads to much larger spectral effects and largely depends on the H-bond strength. The BN S 0 → S 1 0 � � band is observed at 36513 cm -1 [18] and the average of the dimer S 0 → S 1 /S 2 transitions is 36420 cm -1 . [13] This result corresponds to a small site-shift of ∆ site = -92 cm -1 , which is 5% of the binding energy. The mCP monomer origin lies at 34354 cm for (mCP) 2 . This is in excellent agreement with the excitonic splittings determined above; all the splittings are summarized in Table 1 . We note that these splittings arise from properties of the monomers: The excitonic splitting results due to coupling of the monomer TDMs and the vibronic quenching is largely dependent on intramolecular monomer vibrations Q i and Huang-Rhys factors S i . This implies that the H-bond strength of the dimer does not affect the excitonic splitting or vibronic quenching. C substitution at a single atom breaks the inversion symmetry of the dimers and the symmetry descent, which is C 2h → C s for (BN) 2 and C i → C 1 for (mCP) 2 , renders the forbidden transition allowed. We take advantage of the natural abundance of 13 C. Fig. 3 shows the mass-selective 2C-R2PI spectra of (BN) 2 and (mCP) 2 , [13] see Fig.  3(a) . The S 0 → S 2 transition of (BN) 2 -13 C is blue-shifted by 2.7 cm -1 relative to the (BN) 2 S 2 origin, which is due to changes in the zero-point vibrational energy (ZPVE) by isotopic substitution ∆ iso . The observed S 1 /S 2 splitting thus comprises an excitonic contribution ∆ exc and an isotopic contribution ∆ iso . According to degenerate perturbation theory, these combine as: [4, 13] . [13] In the case of (mCP) 2 above the S 1 origin, see Fig. 3(b) . The S 1 0 � � band of (mCP) 2 -13 C is hardly shifted compared to that of (mCP) 2 , indicating smaller changes in ZPVE. [9] The S 0 → S 1 spectra of mCP and mCP- 13 C were used to determine the isotopic contribution ∆ iso = 3.3 cm However, these splittings do not take the redistribution of the electronic TDM into vibronic TDMs into account, and can therefore not be directly compared to the determined excitonic splittings ∆ exc . [3] [4] [5] [6] [7] 9, 10] To calculate the vibronic quenching factor Γ = Π i exp(-S i ) = exp(-Σ i S i ), we employed the Huang-Rhys factors � = � 2 � ℏ � � , where i numbers the totally-symmetric intramolecular vibrations of the BN or mCP monomer. [3] [4] [5] [6] The experimental S i yielded Γ exp = 0.213 for (BN) 2 and Γ exp = 0.043 for (mCP) 2 . [9, 13] The vibronic coupling hence larger than the excitonic splittings and are heavily influenced by the hydrogen bond strengths. Thus the H-bonds have large effects on the spectral shifts, but little or no influence on the exciton splitting. 
Conclusions
Jet-cooled two-color resonant twophoton ionization spectra of (benzonitrile) 2 and (meta-cyanophenol) 2 and their 
